entry, to provide the age at death. We simulated cohorts of 1 million individuals to achieve stable per-person estimates.
To estimate the number of years of life lost from smoking, we compared the model-generated life expectancies of current and never smokers, with both groups entering HIV care at the same age and with the same distributions of CD4 + T-cell count and viral load. We compared years of life lost from smoking with years of life lost from HIV infection (with the latter calculated as the life expectancy of HIV-negative smokers minus the life expectancy of HIV-positive smokers). To derive the potential number of years of life gained from smoking cessation, we compared the model-generated life expectancies of former and current smokers. We further estimated the cumulative potential years of life gained if 10%-25% of HIV-infected current smokers in the United States quit smoking.
Model Overview
HIV-infected, ART-naive individuals enter the model upon initial linkage to HIV care and are followed until death. Following current guidelines, all simulated individuals are eligible to initiate ART (dolutegravir/abacavir/lamivudine or a similarly efficacious regimen) immediately upon entering care, regardless of CD4 + T-cell count [18] ; thus, the age at entry to care is equivalent to the age at ART initiation. For each simulated individual, the model draws randomly from user-defined initial distributions of CD4 + T-cell count and viral load and then tracks clinical outcomes as the individual transitions monthly through various states of disease progression and treatment. Probabilities of transition between health states are defined by CD4 + T-cell count, viral load, history of opportunistic disease, and ART use. Treatment efficacy (ie, the probability of viral suppression) is positively correlated with an individual's adherence; the latter is negatively correlated with the probability of loss to follow-up. Without effective ART, the CD4 + T-cell count falls, raising mortality risks related to opportunistic diseases and chronic AIDS. The model also allows the user to specify non-AIDS-related mortality by age and sex.
Smoking Status and Non-AIDS-Related Mortality
Within each simulation, all individuals had the same smoking status. We set mortality probabilities for current and former smokers equal to those for never smokers until age 40 years, assuming that few deaths prior to that age are smoking related [4, 19] . Starting at age 40 years, we used different age-and sexspecific monthly probabilities of non-AIDS-related death, based on smoking status. We assumed, in the base case, that never and current smokers remained in their respective smoking status until death. In each cohort of former smokers, all individuals stopped smoking at the same age (upon entering HIV care, unless otherwise specified) and remained abstinent; we relaxed this continuous abstinence assumption in a sensitivity analysis. We did not evaluate those who had quit smoking prior to entering care (except in a sensitivity analysis of years since cessation) because we sought to estimate the potential survival benefit if a smoking cessation intervention were provided as part of HIV care. Because the full benefits of smoking cessation do not manifest immediately, we conservatively assumed that former smokers had the same mortality risk as current smokers until 5 years after cessation; this reflected studies where former smokers were those who had not smoked in the previous 5 years and data from large US cohort studies indicating that the all-cause mortality risk in men who quit smoking does not fall below that of current smokers until 5 years after cessation [4, 20] .
Our base case analysis included imperfect ART adherence and retention in care, which are important modifiers of survival. To compare smoking-associated and HIV-associated life expectancy losses and to validate our model with data from published studies, we additionally simulated, stratified by smoking status, (1) HIV-uninfected people and (2) HIV-infected people with perfect ART adherence and retention in care [4, 21, 22] .
ART and Other Model Details
Details regarding ART efficacy, adherence, loss to follow-up, and other model specifications are described in the Supplementary Materials and elsewhere [17, 23] . Model figures, flow charts, state definitions, protocols for data compilation, user guides, and other details are available at: http://www.massgeneral.org/ mpec/cepac/.
Input Parameters

Cohort Characteristics
We simulated HIV-infected people reflective of those initiating care in the United States [20, [24] [25] [26] [27] [28] [29] [30] [31] [32] (Table 1) . Parameters were derived from North American AIDS Cohort Collaboration on Research and Design data, where the mean CD4 + T-cell count (±SD) at entry to care was 360 ± 280 cells/µL, and the median age at presentation was 43 years [24] . In the base case, we assumed the same CD4 + T-cell count distribution regardless of age at entry to care; we relaxed this assumption in a 2-way sensitivity analysis.
Smoking Status and Mortality
For never smokers, we applied non-AIDS-related mortality probabilities based on published all-cause mortality rates for never smokers in the US general population (Supplementary Materials and Supplementary Table 1 ) [4, 20] . For current smokers, starting at age 40 years, we set non-AIDS-related mortality probabilities equal to those of never smokers, multiplied by a published multivariable-adjusted risk ratio (RR) of 2.8 [20] . For former smokers, starting at age 40 years (and at least 5 years after cessation), we set non-AIDS-related mortality probabilities equal to those of never smokers, multiplied by a published multivariable-adjusted RR ranging from 1.0 to 1.8, depending on age at cessation (Table 1 ) [4] . We assumed that future mortality probabilities for those who quit smoking before age 35 years were equal to those of never smokers [4] .
Although non-AIDS-related mortality risks may be greater in HIV-infected versus HIV-uninfected persons, owing to factors besides smoking (such as other behavioral factors and depression), we limited the base case to changes in only smoking because of inherent limitations in the available data to estimate risks attributable to other behavioral factors [32, 33] . In sensitivity analysis, we accounted for mortality differences by behavioral risk group, incorporating these data.
ART
Efficacy of ART (viral suppression to below detection at 48 weeks) was 93%. Details regarding ART and other input parameters are in Table 1 and Supplementary Text.
Model Validation
We internally validated our model by comparing projections with results reported in the US general population study from which base case non-AIDS-related mortality rates were derived [4] . We externally validated model projections by comparing them with studies of smoking-associated survival reduction in HIV-infected people in (1) a Kaiser Permanente US cohort [22] and (2) a largely European cohort [21] .
Sensitivity Analysis
We performed sensitivity analyses to examine the robustness of the results with alternative assumptions and estimates (Supplementary Text). These included (1) HIV risk behaviors, c Loss to follow-up rates for those with adherence rates between 50% and 95% are based on interpolation between the loss to follow-up rates for those with adherence rates of <50% and those with adherence rates of >95%. d In the absence of age-and smoking-stratified non-AIDS-related mortality rates for HIV-infected people, these probabilities were adapted from data reported in US general population studies [4, 20] .
e Sex-specific mortality risk ratios from a general population study, used in the base case, had been adjusted for age, race, and educational level [20] .
f Mortality risk ratios from a study of HIV-infected people, used in a sensitivity analysis, had been adjusted for age, sex, route of HIV transmission, baseline CD4 + T-cell count, AIDS at ART initiation, duration of ART, and calendar year of ART initiation [21] . g Sex-specific mortality risk ratios from a general population study, used in the base case, had been adjusted for age, education level, alcohol use, and body mass index [4] .
h In the base case, we assumed that the mortality risk of former smokers was equivalent to that of current smokers until 5 years after cessation [4, 20] ; thereafter, the risk decreased to that of never smokers, multiplied by the mortality risk ratio reported here.
using standardized mortality ratios, to account for potentially higher non-HIV-related and non-smoking-related mortality risks among HIV-infected people, compared with the general population (Supplementary Table 2 ) [32] ; (2) alternative smoking-associated mortality risks (eg, mortality RR of 1.9-4.0 for HIV-infected current vs never smokers [21] ), to account for a potential differential impact of smoking on HIV-infected people versus the general population; (3) raw mortality rates for current and former smokers [4, 20] , instead of RRs, to account for different smoking-associated mortality risks across ages; (4) delay of smoking cessation after entering HIV care, as some current smokers will quit after their initial entry into HIV care; (5) years since cessation for former smokers [20] , since residual smoking-related risks likely depend not only on age at cessation, but also time since cessation; (6) immediate mortality reduction upon smoking cessation, in light of studies showing relatively rapid decreases in cardiovascular disease risk following cessation [34, 35] ; (7) anticipated smoking relapse after loss to follow-up, assuming that those who had quit smoking would experience relapse upon being lost to follow-up and that some (25%) would quit smoking again upon returning to care; (8) perfect ART adherence and no loss to follow-up, as the impact of smoking and cessation might be greater when competing mortality risks from HIV infection are lower; (9) CD4 + T-cell count at presentation (range, 50-500 cells/µL), wherein competing mortality risks from HIV infection are varied; and 10) age and CD4 + T-cell count at presentation in a 2-way sensitivity analysis.
Population-Level Impact
Using Centers for Disease Control and Prevention data [8, 36] and model results, we estimated the cumulative potential years of life gained if 10%-25% of HIV-infected current smokers quit smoking. We assumed that there were 743 420 HIV-diagnosed people aged 30-64 years in the United States, with 77.5% in care [37] and a smoking prevalence of 38.9%-46.5%, depending on age, yielding an overall estimate of 247 586 HIV-infected smokers (Supplementary Text) .
RESULTS
Base Case
Life expectancy for men entering HIV care at age 40 years was 65.2 years, 70.9 years, and 71.9 years for current, former, and never smokers; for women, it was 68.1 years, 72.7 years, and 74.4 years, respectively ( Figure 1 ; the depicted life expectancy was greater for those entering care at older ages, because of a survivor effect -their years of life remaining were fewer than those for younger people). Men and women who quit smoking upon entering HIV care at age 40 years gained 5.7 years and 4.6 years of life expectancy, respectively, compared with those who continued to smoke. Smoking cessation at younger ages yielded survival that more closely resembled that of never smokers (Figure 2 and Supplementary Figure 1) . Gains from smoking cessation decreased with age, but even smokers who quit upon entering care at age 60 years had a substantial gain in life expectancy (2.5 years and 2.4 years for men and women, respectively; Supplementary Table 3 ). : the losses associated with smoking and with HIV infection were 6.7 years and 6.9 years, respectively, for men, and 6.3 years and 8.3 years, respectively, for women. When we simulated HIV-infected current smokers with perfect ART adherence and retention in care, life expectancy was 68.6 years (for men) and 72.1 years (for women); the life expectancy losses associated with smoking and HIV infection were 8.6 years and 3.5 years, respectively, for men, and 8.2 years and 4.3 years, respectively, for women (Supplementary Table 4) .
Model Validation
The model-generated life expectancy gain from smoking cessation among 40 year-old HIV-uninfected people was similar to that reported in a prior US study (7.7-9.0 years [depending on sex] in the model vs 9 years in the prior study) [4] . Modelgenerated life expectancy losses from smoking and from HIV infection were similar to those reported in a Kaiser Permanente cohort [22] and in a largely European cohort in which loss to follow-up was low [21] (complete validation comparisons are available in Supplementary Table 5 ).
Sensitivity Analysis
We report sensitivity analyses where input data were most uncertain and/or where variation in the underlying parameter materially impacted our findings. Details, as well as results of other sensitivity analyses that did not differ substantially from those of the base case (eg, anticipated smoking relapse after loss to follow-up), are in the Supplementary Text and Table 6 .
HIV Risk Behaviors
Differences between standardized mortality ratio-adjusted and base case analyses were <1.0 years regarding life expectancy losses from smoking and gains from cessation. In standardized mortality ratio-adjusted analyses, male and female current smokers entering HIV care at age 40 years lost 7.2 years and 7.0 years, respectively, compared with never smokers; those who quit upon entering care regained 5.9 years and 4.9 years, respectively, compared with those who continued to smoke (Supplementary Table 7 ).
Alternative Smoking-Associated Mortality Risks
When applying alternative smoking-associated mortality RRs from general population studies, the life expectancy loss associated with current (continued) smoking, compared with never smoking, for those entering HIV care at age 40 years ranged from 6.4 years to 6.9 years for men and from 6.1 years to 6.6 years for women, compared with base case losses of 6.7 years and 6.3 years, respectively (Supplementary Table 8 ). When using mortality RRs from a study of HIV-infected people, life expectancy losses from smoking and gains from cessation had wide ranges, but point estimates were similar to those of the base case (Supplementary Table 9 ). The mean (range) loss for current smokers entering care at age 40 years, compared with never smokers, was 6.2 years (range, 4.1-9.1 years) for men, compared with 6.7 years in the base case, and 5.9 years (range, 3.8-8.7 years) for women, compared with 6.3 years in the base case.
Delay of Smoking Cessation
Smoking cessation 5 or 10 years after entering HIV care still resulted in substantial life expectancy gains (Table 2) . Compared with those who continued to smoke, men who entered care at age 40 years and quit smoking 0, 5, and 10 years later gained 5.7 years (base case), 3.3 years, and 2.9 years, respectively; women gained 4.6 years (base case), 3.1 years, and 2.8 years, respectively.
Age and CD4
+ T-Cell Count at Presentation: 2-Way Sensitivity
Analysis
Results were sensitive to both age and CD4 + T-cell count at entry to care; smoking cessation improved life expectancy across strata of both variables. Younger individuals with higher initial CD4 + T-cell counts gained the most from cessation ( Figure 3 ).
Population-Level Impact of Smoking Cessation
Among HIV-infected people in care in the United States, smoking cessation and sustained abstinence by 10%-25% of current smokers aged 30-64 years would result in 106 000-265 000 expected years of life gained (Supplementary Tables 10 and 11 ).
DISCUSSION
Using a simulation model of HIV disease, we found that smoking substantially reduces the life expectancy of HIV-infected people in the United States who are linked to care and that smoking cessation could have a major impact on survival. For men initially linked to care, the life expectancy loss associated with smoking is similar to the loss associated with HIV. For both men and women who are adherent to ART and remain in care, the loss from smoking is about double that from HIV. The survival benefit for an HIV-infected individual who quits These simulations assumed that, after smoking cessation, former smokers remained abstinent. The relative mortality risk for former smokers was based on age at the time of smoking cessation. Life expectancy is reported as age at death.
Abbreviation: YLG, years of life gained.
Smoking, HIV, and Life Expectancy • JID 2016:214 (1 December) • 1677 smoking upon entering care at age 40 years exceeds that of other common interventions (Figure 4 ) [38] [39] [40] [41] [42] [43] [44] . Further, at the population level, smoking cessation could lead to a substantial number of years of life gained, given the very high prevalence of smoking among HIV-infected people. Unfortunately, to this point, HIV-infected US people have been less likely to quit smoking, compared with HIV-uninfected people, a pattern consistent across age groups: of those who have ever smoked, 32% of HIV-infected people and 52% of other US adults quit smoking [8] . These strikingly low cessation rates underpin the need for novel cessation strategies. The rate of desire to quit is similar between HIV-infected and HIVuninfected people [45] . Few studies have examined smoking cessation interventions in HIV-infected people; they have generally shown low abstinence rates [46] . It is unclear whether the success of cessation interventions differs between HIV-infected people and others.
ART has transformed the course of HIV infection, such that virally suppressed persons now have a life expectancy approaching that of uninfected persons [13] . However, life expectancy gaps persist [22] , due partly to smoking-associated comorbidities that HIV-infected people are increasingly experiencing. Studies of HIV-infected people in the ART era consistently show higher mortality among smokers, compared with nonsmokers [5-7, 21, 47, 48] . Recent cohort studies of HIV-infected people in Denmark [47] and Western Europe and North America [21] , in which accessibility and adherence to ART were high, found that smoking was associated with more years of life lost than HIV infection (only approximately 5% of the subjects in the latter study were in North America).
Our model accounts for nonadherence to ART and loss to follow-up, which occur more frequently in the United States than in European cohorts and which increase the risk of AIDS-related death, thereby potentially dampening the impact of smoking and the benefit of cessation. Nonetheless, even in this simulated US population, the life expectancy loss from continued smoking among HIV-infected people entering care at age 40 years is extremely high, at >6 years per person.
We used smoking-stratified mortality rates from the US general population in our simulations of non-AIDS-related mortality risks. Smoking might be more harmful in HIV-infected as compared with HIV-uninfected persons, particularly regarding the risk of myocardial infarction [9] , so the actual impact of smoking and cessation on the life expectancy of HIV-infected persons may be even greater than we have shown in the base case. However, 2 large studies did not detect a mortality interaction between smoking and HIV infection (ie, the mortality RR associated with smoking was similar for HIV-infected and HIV-uninfected people) [47] or an interaction between smoking and CD4 + T-cell count (ie, the mortality RR associated with smoking was similar in those with high and low baseline CD4 + T-cell counts) [21] .
The robustness of our results in the face of alternative assumptions about smoking-associated mortality risks is notable (Supplementary Table 6 ). Use of the upper and lower bounds of RR confidence intervals from a study of HIV-infected people + T-cell count and age at entry to human immunodeficiency virus (HIV) care. Numbers in each box represent the mean years of life gained by those who quit smoking upon entering HIV care and remained abstinent, compared with those who continued to smoke. Colors correspond to the magnitude of the gain. Relative mortality risks were based on age at the time of smoking cessation.
[21] had the greatest effect on the impact of smoking and of cessation. The confidence intervals in that study were wide because of the small number of deaths. The smoking-associated mortality RR in that study was slightly lower than that in a US general population study [20] , likely because former smokers were combined with current smokers in generating the HIV-specific estimate.
HIV-infected people might face higher non-AIDS-related mortality risks than HIV-uninfected people due to depression, substance use (besides tobacco), and high-risk behaviors; these may be more common in HIV-infected smokers compared with HIV-uninfected smokers [49] . In a sensitivity analysis, we sought to account for potentially higher competing mortality risks among smokers and among people at risk for HIV infection, compared with the general population, by using standardized mortality ratios. Although standardized mortality ratio-adjusted life expectancies were lower than base case results, the differences in the effects of smoking and cessation on survival were small. Data used to inform US standardized mortality ratios were limited by small sample size, short follow-up period, and relatively young patients [32] .
While the harmful effects of smoking depend on the quantity of tobacco consumed (eg, pack-years), we could not explicitly account for this in our model. Reliable and precise clinical histories of smoking quantity are generally not reported in cohort studies because they are challenging to elicit. The data we used for smoking-associated RRs are based on studies of large numbers of subjects with varying pack-year histories; use of the average of these histories is common in the smoking literature for both general populations and HIVinfected people [4, 8, 21] , although the average tobacco exposure might differ between the 2 populations. We believe that these published averages, combined with our simulations of large numbers of individuals and our wide-ranging sensitivity analyses, provide reasonable estimates for population-based analyses. Gains are for those who quit smoking upon entering HIV care at age 40 years and remained abstinent, compared with those who continued to smoke until death. These model-generated outcomes reflected a scenario in which adherence to ART and retention in care were imperfect; b For those entering HIV care at age 40 years; assumes an initial viral load of 100 000 copies/mL, 90% adherence to ART, and minimal toxicity from ART [38] ; c Assumes that adherent and nonadherent patients consume 98% and 55% of prescribed ART doses. Improvement in survival represents the difference between an ideal scenario, reflecting ideal ART use observed in clinical trials, and a typical scenario, where the percentage of adherent patients declines over time to 52% at 18.6 months [39] ; d Based on a representative US population aged 40-75 years. "Statin for all" refers to treating 100% of adults with a statin for primary prevention of CV disease. "No risk-based threshold" refers to an American College of Cardiology/American Heart Association treatment strategy that does not include an atherosclerotic CV disease risk-based criterion; about 8% of adults would still be eligible for statin treatment via other criteria, such as a history of CV disease or diabetes or an elevated low-density lipoprotein cholesterol level. This is the most conservative treatment strategy reported by Pandya et al; a "no statin" strategy is not reported [40] ; e Clopidogrel plus aspirin vs aspirin alone for secondary prevention of CV events [41] ; Similar to other model-based investigations, our analysis is limited by uncertainties in the input parameters and by some inevitable simplifications in our representation of risk factors and disease. Key uncertainties and limitations include exclusion of possible increases in AIDS-related mortality due to smoking; assumption that those who quit smoking would remain abstinent (relaxed in a sensitivity analysis); lack of differentiation between current, former, and never smokers regarding initial CD4 + T-cell count and viral load, ART adherence, and loss to follow-up; the assumption, in the base case, that the initial CD4 + T-cell count distribution (and, hence, distribution of time since HIV infection) was the same regardless of age at entry to HIV care; and population projections based on a cross-sectional survey of HIV-infected people in care, in which the prevalence of injection drug users was low (2%) [8] . Former smokers in published cohorts might have adopted other healthy lifestyle modifications in addition to smoking cessation; our estimates of survival gains from smoking cessation similarly reflect these changes.
In conclusion, smokers in HIV care may now lose as much or more life expectancy from smoking as from HIV infection, but cessation can greatly improve survival. Providers caring for HIV-infected people should address smoking during every patient encounter and offer guideline-based behavioral and pharmacologic treatments for tobacco use [50] . Novel intervention strategies targeting this important population are needed. Smoking cessation should be a major priority in HIV care programs.
Supplementary Data
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